The stress-induced transcription of heat shock genes is controlled by heat shock transcription factor 1 (HSF1), which becomes activated in response to heat and other protein denaturants. In previous research on the eurythermal goby Gillichthys mirabilis, thermal activation of HSF1 was shown to vary as a function of acclimation temperature, suggesting the mechanistic importance of HSF1 activation to the plasticity of heat shock protein (Hsp) induction temperature. We examined the effect of season on the thermal activation of HSF1 in G. mirabilis, as well as the relative kinetics of HSF1 activation and Hsp70 mRNA production at ecologically relevant temperatures. There was no predictable seasonality in the thermal activation of HSF1, perhaps due to the existence of stressors, in addition to heat, acting in the field. Concentrations of Hsp70, a negative regulator of HSF1, as well as those of HSF1, varied with collection date. The rapidity of HSF1 activation and of Hsp70 mRNA synthesis increased with laboratory exposure temperature. Furthermore, Hsp70 mRNA production was more sustained at 35ЊC than at 30ЊC. Therefore, both the magnitude and the duration of a heat shock are important in determining the intensity of heat shock gene induction.
Introduction
The heat shock response, defined as the heat-induced upregulation of a family of genes that encode molecular chaperones (Lindquist 1986) , has proven to be a tractable model of environmental control over gene expression. Studies on the heat shock response have established the importance of an organism's recent thermal history in determining the temperature at which the products of the heat shock response, heat shock proteins (Hsp), accumulate in the cell (reviewed in Feder and Hofmann 1999) . In an investigation into the mechanisms underlying the plasticity in the threshold temperature for Hsp induction in the eurythermal goby Gillichthys mirabilis, thermal acclimation changed the temperature range over which heat shock transcription factor 1 (HSF1) is activated, a key step in the regulation of hsp genes . Here, we extend our studies on the adjustable nature of the heat shock response in G. mirabilis to address three questions. First, in natural populations, is there an effect of seasonal temperature variation on the thermal activation of HSF1, similar to that observed in response to laboratory acclimation? Second, how do the temperature of HSF1 activation and the concentrations of HSF1 and Hsp70 co-vary on a seasonal timescale? Finally, what is the temporal relationship between HSF1 activation and Hsp mRNA synthesis in response to heat shocks of different, but ecologically realistic, magnitudes?
Heat shock proteins are the products of multiple genes and display a variety of related functions (Hartl 1996; Fink 1999; Hartl and Hayer-Hartl 2002) . Some, like the most strongly induced Hsp70 (Parsell and Lindquist 1993) , interact with other proteins that have begun to unfold in response to thermal, oxidative, or chemical stress and prevent their cytotoxic aggregation with other proteins undergoing similar denaturation (Wickner et al. 1999) . Some chaperones (Hsp104, Hsp90, and Hsp40) cooperate to actively dissociate aggregated proteins (Mogk et al. 1999; Ben-Zvi and Goloubinoff 2001) . Stress exposure results in the preferential synthesis of all size classes of heat shock proteins, past the temperature at which the production of the majority of the cell's "housekeeping" proteins has ceased (Lindquist 1986) .
Another function of heat shock proteins is to inhibit their own synthesis by mediating the activity of HSF1 (Morimoto 1998) . This autoregulatory function of molecular chaperones is included in the "cellular thermometer" model of hsp gene regulation (Craig and Gross 1991) . All inducible hsp genes are controlled by HSF1, a member of a general class of latent cytoplasmic transcription factors that become activated in response to stress (Morimoto 1993; Wu 1995; Pirkkala et al. 2001; Brivanlou and Darnell 2002) . HSF1 exists in the cytoplasm constitutively as a monomer complexed with Hsp70 and Hsp90, which act to interrupt the Hsp regulatory circuit (Baler et al. 1992; Rabindran et al. 1994; Ali et al. 1998; Zou et al. 1998) . In response to the stress-related buildup of abnormally unfolded proteins, Hsp70 and Hsp90 dissociate from HSF1 (Shi et al. 1998; Winklhofer et al. 2001) . Once Hsp70 and Hsp90 dissociate, HSF1 then undergoes a conformational change that favors a stable homotrimer (Westwood et al. 1991; Westwood and Wu 1993) . Trimerization provides the DNA-binding domains of the joined HSF1 molecules the ability to recognize a conserved sequence in the promoter of all hsp genes (Perisic et al. 1989 ), a domain called the heat shock element (HSE) that consists of three inverted repeats of the motif 5 -nGAAn-3 (Pelham 1982; Xiao and Lis 1988) . HSF1, a constitutive phosphoprotein (Kline and Morimoto 1997) , receives reversible serine phosphorylation when bound to the promoter and thus becomes competent to transactivate hsp genes (Morimoto 1998; Park and Liu 2001; Holmberg et al. 2002) . Therefore, regulation of HSF1 activity has both bottom-up components (i.e., the presence of abnormal protein denaturation caused by one or more stressors resulting in the dissociation of Hsp70 and Hsp90 from the HSF1 monomer) and top-down components (i.e., stressors themselves initiating cell-signaling cascades resulting in HSF1 phosphorylation). These multiple levels of regulation, combined with downstream mechanisms of regulating mRNA production and translation (Yost et al. 1990; Dellavalle et al. 1994) , give the cell considerable control over initiation and attenuation of the heat shock response.
This control results in tightly regulated and tissue-specific threshold temperatures for Hsp production in homeotherms (Sarge 1995; Sarge et al. 1995) while granting flexibility in these same thresholds to poikilotherms, in which Hsp induction setpoints are correlated with habitat temperature in natural populations or acclimation temperature in laboratory studies (Dyer et al. 1991; Dietz 1994; Hofmann and Somero 1996; Tomanek and Somero 1999; Wood et al. 1999; Currie et al. 2000; Buckley et al. 2001; Buckley and Hofmann 2002; Hofmann et al. 2002) . Most of the numerous studies on Hsp gene expression in poikilothermic animals have focused on heat shock proteins themselves, either linking the temperature of Hsp production to thermal habitat, correlating Hsp levels with thermotolerance, or using Hsp concentrations to draw inferences about the recent stress exposure of a given organism or population (reviewed in Feder and Hofmann 1999) . These studies have taken precedence in poikilotherms because of their importance to an understanding of the ecophysiology of these species. What is lacking, however, are studies in these same organisms on the temperature thresholds and timing of the regulatory steps, such as HSF1 activation, that must first transduce environmental stress to the gene, before heat shock proteins can be synthesized.
To address these unresolved issues, we continued our work on a population of the longjaw mudsucker G. mirabilis from Estero Morua in the Northern Gulf of California. This species, common to the eastern Pacific, inhabits shallow estuaries where they form burrows in the sediment (Eschmeyer et al. 1983 ). In Estero Morua, G. mirabilis tolerates routine, daily changes in temperature of 6Њ-10ЊC this study) . For these studies, we measured the effect of temperature on the activation of HSF1 in the livers from G. mirabilis collected at five different times of the year. The established importance of thermal history on the heat shock response supports predictions of higher HSF1 activation temperature in the summer than in the winter. The Hsp70 : HSF1 ratio was also measured seasonally because this index should affect the activation temperature of HSF1. In addition, we examined the relative kinetics of HSF1 activation and Hsp70 mRNA production in G. mirabilis liver tissue that was exposed to five different temperatures to investigate the effect of heat shock magnitude and duration on the heat shock response.
Material and Methods

Animal Collection
The longjaw mudsucker Gillichthys mirabilis was collected by baited trap in the negative estuary Estero Morua at Puerto Peñasco, Sonora, Mexico (31.33ЊN, 113.60ЊW). For the study on temporal changes in the field, individuals were removed from the estuary on the following dates in 2001: February 23, April 28, June 19, August 17, and October 17. Five fish were killed in the field, and their livers were removed and frozen on dry ice for Western blot analysis of Hsp70 and HSF1 concentrations. Remaining fish were transported live back to the laboratory in coolers of aerated seawater. Survivorship during transport was 100%. The fish used in the laboratory kinetics study were from the June sampling. Water temperature was recorded at the collection site with a submerged StowAway (ONSET Computer) data logger. The fish were used in experiments within 48 h; fish were fed trout pellets once during this period. Individuals of comparable length ( cm, total 11 ‫ע‬ 0.5 length) were selected. In October, females were gravid, and an effort was made to release these fish back into the estuary; therefore, there may have been a gender bias during this month.
Heat Shock Exposures
For the field sampling study, five fish were killed via cervical transection, and their livers removed and sectioned (∼100-mg pieces). Sections of liver from this species remain metabolically active in vitro for hours, with measurable and robust protein synthesis occurring for hours after dissection . This approach is useful in that it allows for the exposure of a tissue from a single individual to a range of temperatures. Pieces were incubated in Eagles Minimum Essential Media adjusted to 335 mOsm with NaCl, at a range of temperatures (17Њ, 20Њ, 24Њ, 27Њ, 30Њ, 33Њ, and 36ЊC) for 1 h. Tissue sections were ∼1 mm thick on their narrowest axis to allow for penetration of oxygen to the internal cells, and incubation media was periodically stirred to aid in oxygen de-livery. After temperature exposures, pieces were removed and frozen in liquid nitrogen for electrophoretic mobility shift assay (EMSA) for measurement of HSF1 activity or placed in 0.5 mL of RNALater (Ambion), held at 4ЊC for 24 h, and then frozen at Ϫ20ЊC for Hsp70 mRNA quantification via Northern blotting.
In the kinetics study, the livers of 15 fish were removed and sectioned as discussed previously. Tissue pieces from three individuals were held at a given temperature (15Њ, 20Њ, 25Њ, 30Њ, or 35ЊC), and two pieces were removed at 0, 5, 15, 30, 45, 60 , and 90 min after initiation of exposure. One piece from each time point was frozen on liquid nitrogen for EMSA analysis, and one piece was stored in RNALater at Ϫ20ЊC for Northern blots.
Electrophoretic Mobility Shift Assays
EMSA was used to quantify HSF1 activation . This assay measures the ability of the cellular pool of HSF1 to bind the HSE when presented with saturating levels of an oligonucleotide bearing the sequence. This should not to be interpreted as the amount of transcriptional activity occurring in the nucleus but rather the poise of the transcription factor at a given sampling point. For EMSAs, frozen tissues were thawed in 200 mL of ice cold extract buffer containing 25% (v/v) glycerol, 20 mM Hepes (pH 7.9), 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM ethylenediaminetetraacetic acid (EDTA), 0.5 mM PMSF, and 0.5 mM dithiothreitol. Extracts were centrifuged at 22,000 g at 4ЊC for 10 min. Pellets were discarded and the supernatants frozen at Ϫ80ЊC. Total protein content of each extract was determined by Bradford assay (Pierce). An oligonucleotide probe (5 -GCCTCGAATGTTCGCGAAGTTT-3 ; Airaksinen et al. 1998) containing the HSE sequence was radiolabeled with 32 P-ATP (specific activity Bq mM; NEN PerkinElmer). 6 12.3 # 10 Twenty-five mg of total protein from each extract were incubated at control temperature with 15 pmol of probe in 25 mM Hepes (pH 7.6), 100 mM NaCl, 15% (v/v) glycerol, 0.1% (v/ v) NP-40, and 0.5 mM PMSF at a final volume of 20 mL. After incubation, HSF1-HSE complexes were separated from unincorporated HSE probe on 5% acrylamide nondenaturing gels by electrophoresis for ∼2 h at 250 V. Gels were then dried and exposed to a phosphoscreen (Molecular Dynamics). Specificity of the HSE probe was confirmed in assays in which an unlabelled HSE probe was added in excess as a competitor.
Quantification of HSF1 and Hsp70: Solid-Phase Immunochemistry
Concentrations of HSF1 and Hsp70 were determined with Western blots. Liver pieces were thawed and homogenized in 200 mL of cell lysis buffer containing 50 mM Tris-HCl (pH 6.8) and 4% sodium dodecyl sulfate (SDS). Homogenates were heated at 100ЊC for 5 min and centrifuged for 10 min at 12,000 g. The pellet was discarded, and the total protein content of the supernatant was determined by Bradford assay (Pierce). Ten mg of total protein from each sample were fractionated via SDS-polyacrylamide gel electrophoresis on 7.5% acrylamide gels. Separated proteins were then electroblotted to nitrocellulose membranes at 100 V for 1 h.
Blots were blocked for 1 h in phosphate-buffered saline (PBS; pH 7.5) containing 5% (w/v) nonfat dry milk (NFDM) followed by three 5-min washes in PBS and 0.1% (v/v) Tween-20. Blots were incubated for 1.5 h in primary antibody with constant shaking. For HSF1 quantification, primary antibody was a rabbit anti-Drosophila HSF1 antibody (courtesy of C. Wu), diluted to 1 : 10,000 in PBS containing 5% (w/v) NFDM, 20% (v/v) fetal bovine serum, 1 mM PMSF, and 0.02% (w/v) thimerosal. The primary antibody was then cross-reacted with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (BioRad 170-6515) diluted to 1 : 50,000 in PBS containing 5% NFDM for 1 h. The primary antibody for Hsp70 determination was an anti-Hsp70 rat monoclonal antibody (MA3-001, Affinity Bioreagents) diluted to 1 : 2,500. This was followed by a 30-min incubation in a rabbit/anti-rat bridging antibody (A-4000, Vector) at a 1 : 2,000 dilution and at a final exposure to the same secondary antibody as that used in the HSF1 blots. All blots were then exposed to an enhanced chemiluminescent (ECL) reagent (Amersham) for 5 min. Blots were then exposed to x-ray film (Kodak) for a range of durations to obtain exposures in the linear range of the film. All samples were run in duplicate and standardized to a single sample present on all blots.
Northern and Slot Blotting of mRNA
Northern blots were used to quantify mRNA from the inducible hsp70 gene in the livers of individuals from the kinetics study outlined previously. Frozen liver pieces were transferred from RNALater to 1 mL of TRIzol reagent (Invitrogen), and total RNA was extracted according to manufacturer's protocols. Ten mg of total RNA were incubated at 50ЊC for 1 h in a denaturing solution of 10 mM sodium phosphate (pH 7.0), 50% dimethyl sulfoxide, and 1 M freshly deionized glyoxal. Samples were loaded onto gels of 1% agarose in 10 mM sodium phosphate (pH 7.0) and electrophoresed at 4 V/cm for 1 h. The gels were rinsed in distilled deionized H 2 O (dH 2 O) and blotted onto nylon membranes via vacuum transfer in 10X standard sodium citrate (SSC) buffer at a pressure of 12.7 mmHg for 90 min on a vacuum blotter (BioRad). Once the specificity of the DNA probe (see subsequent description of probe) was confirmed, high throughput of samples was done by slot blotting 2 mg of total RNA from each sample on nylon membranes on a BioDot SF microfiltration apparatus (BioRad). A single sample was run on each blot for use as a standard for comparison between blots. All samples from a given exposure temperature were loaded on the same blot. Blots were fixed by ultraviolet cross-linking in a UV oven at for 1 min in prep-Ϫ2 120,000 mJ cm aration for hybridization.
The Hsp70 probe was generously provided by B. Tufts. The probes were generated from heat-shocked rainbow trout blood, from which total RNA was reverse transcribed to cDNA. The probe was a 237-bp fragment between nucleotides 30 and 267 from cDNA sequence pTHS70.7 (Kothary et al. 1984) . Probes were amplified, and PCR products were inserted into the pCRII vector. Plasmids were grown in Escherichia coli (One Shot cells and TOPO cloning kit; Invitrogen) and excised with EcoRI (Promega). Probes were labeled with [ 32 -P]-dCTP (specific activity Bq mM; NEN Perkin Elmer) with the Ready-6 12.3 # 10 To-Go DNA labeling system (Amersham).
Blots were soaked in 20 mM Tris-HCl (pH 8.0) at 65ЊC for 5 min immediately before hybridization to remove glyoxal adducts. Blots were prehybridized in Church's buffer (0.5 M NaPO 4 [pH 7.2], 7% SDS, 10 mM EDTA) at 65ЊC for 3 h. Following prehybridization, counts per minute (cpm) 9 1 # 10 of DNA probe were added, and hybridization was carried out for 18 h at 65ЊC. Blots were washed twice at room temperature with 1X SSC/0.1% SDS for 15 min each, and once at 65ЊC in 0.25X SSC/0.1% SDS for 20 min. Blots were exposed to a phosphoscreen (Molecular Dynamics) overnight, which was then scanned on a phosphoimager (BioRad Personal FX unit). Quantification of band intensity was completed using Quantity One software (BioRad).
Statistics
In the seasonal study, the effect of season and heat shock temperature and the interaction between these two variables on the activation of HSF1 was determined via two-way ANOVA. Within a given month, the effect of heat shock on HSF1 activation was tested with ANOVA. The effect of season on HSF1 and Hsp70 concentrations was determined via ANOVA, and significant differences between individual months were identified with post hoc pairwise comparisons. In the kinetics study, the effects of heat shock temperature and duration on both HSF1 activation and Hsp70 mRNA production were determined with two-way ANOVA. At a given exposure temperature, the effect of heat shock duration was tested via single-factor ANOVA, and post hoc comparison was used to determine those time points that differed significantly from each other. In all cases, the significance level was set at . All statistical P ≤ 0.05 analyses were performed on SysStat software.
Results
Water Temperatures
To describe the recent thermal history of the fish before collection, a data logger was deployed in the shallow (!1 m) waters of Estero Morua, at Puerto Peñasco, Mexico, where water temperature varies widely on both daily and monthly timescales.
Temperature was recorded on a data logger deployed in the water column from January through June 2001 (Fig. 1A) . Temperature in Estero Morua ranged from !5ЊC in early January to higher than 33ЊC in June. The average daily temperature fluctuation varied between 5Њ and 7ЊC seasonally, and the average daily maximum temperature (for the 30 d before collection) was 18.3ЊC in February but nearly 30ЊC in June (Table  1) . Although the data logger was lost in June, data loggers deployed the previous year reported temperatures higher than 36ЊC in the estuary every day from late June through the end of September (Place and Hofmann 2001) .
The mudsucker forms burrows in the soft substrate, where temperatures may differ from those in the water column. On September 19, 2002, the water temperature was ∼5ЊC cooler than that in an artificial burrow for ∼9 h of a 17-h sampling period (Fig. 1B) . Although burrows have been proposed as a method of avoidance of thermal stress, these data show that burrow temperatures can at times exceed those of the water column, likely reflecting an ebb tide and the seaward movement of solar-heated upper estuary water.
Seasonal Variation in HSF1 Activity
A primary goal of this study was to determine the variability in the temperature sensitivity of HSF1 activation over a seasonal timescale. To this end, EMSAs were used to measure the effect of temperature on HSF1 activity in the liver tissue of fieldacclimatized individuals at five different times of the year. HSF1 activation profiles (Fig. 2) were similar among months (in particular in February, July, and August), and overall, there was no significant effect of season on the temperature sensitivity of HSF1 activation ( , ANOVA). Furthermore, within P p 0.9445 a given month, the effect of exposure temperature on HSF1 activation was never significant ( in all cases, ANOVA). P 1 0.05 We note that in October, the effect of heat shock on HSF1 activity was nearly significant ( ). P p 0.09
HSF1 and Hsp70 Concentrations
Since Hsp70 is a known negative regulator of HSF1 activity, levels of both molecules were measured in the liver tissue of Gillichthys mirabilis in conjunction with the EMSA analysis outlined previously. HSF1 concentration was dependent upon collection date ( , ANOVA). The variation was limited P p 0.01 to April, when the HSF1 level was lower than in all other months (Fig. 3A) . In contrast, Hsp70 levels varied more broadly as a function of collection date ( , ANOVA), with the P p 0.017 lowest levels observed in April and October, and the highest in February, June, and August (Fig. 3B) . The ratios of Hsp70 to HSF1 were therefore highest during these same months; however, this trend narrowly failed significance tests (P p , ANOVA; ratios listed in Table 2 ). Because Hsp70 and 0.053 HSF1 concentrations were standardized to different values (a single sample run on all blots but assayed with antibodies specific to each antigen), the ratios listed in Table 2 are not stoichiometric for a given time point, but can be directly compared between time points. Therefore, a ratio of 2 does not imply the presence of twice as much Hsp70 as HSF1 but does represent an Hsp70 : HSF1 ratio that is twice as high as one with a value of 1.
Kinetics of HSF1 Activation and Hsp70 mRNA Production
To examine the relationship between HSF1 activation and Hsp70 mRNA synthesis in response to increasing temperature, Northern blots and EMSAs were run on liver samples exposed to a single temperature (either 15Њ, 20Њ, 25Њ, 30Њ, or 35ЊC). Samples were taken at 0, 5, 15, 30, 45, 60, and 90 min after initiation of temperature exposure. Figure 4 depicts a sample Northern blot for the inducible isoform of Hsp70, which yielded a single band on all gels; note that this blot is from a pilot experiment, and the exposure temperatures shown differ from those in the current kinetics study. We have previously reported the specificity of the HSE probe used in the EMSA analysis in G. mirabilis .
The results indicated that heat shock temperature significantly influenced HSF1 activity ( Fig. 5 ; , ANOVA; P p 0.0029 Table 3 ). The interaction between the two variables (heat shock ) significantly affected Hsp70 mRNA duration # temperature production ( , ANOVA; Table 3 ). P ! 0.0003 At a given exposure temperature, values for both HSF1 activity and Hsp70 mRNA level at each time point were compared with those at time 0 (single-factor ANOVA and pairwise post hoc comparison). No changes in either HSF1 activity or Hsp70 mRNA levels were observed at 15ЊC (Fig. 5A ). At 20ЊC (Fig.  5B) , there was no significant increase in HSF1 activity during the experiment; however, an increase in HSF1 activity over that at time 0 was observed after 90 min ( ). In the liver P p 0.025 tissue exposed to 25ЊC (Fig. 5C ), HSF1 activity increased at 90 min ( ), unaccompanied by any change in Hsp70 P p 0.05 mRNA levels. HSF1 activity increased after only 5 min at 30ЊC and remained elevated, although this increase was not signif- Values were standardized to a single sample run on all gels. Means ( ) are depicted, and error bars are SEM. n p 5 icant due to the unusual variability in the data at 0 min (Fig.  5D ). This was followed by an increase in Hsp70 mRNA concentration that began after 15 min and continued until 45 min after initiation of heat shock. At 35ЊC (Fig. 5E ), both HSF1 activity and Hsp70 mRNA levels rose significantly after 15 min ( and , respectively), and while HSF1 ac-P p 0.0006 P p 0.037 tivity gradually attenuated, Hsp70 mRNA levels remained elevated for the duration of the experiment.
Discussion
This study builds on our work on the regulatory mechanisms that provide flexibility to the heat shock response in the eurythermal goby Gillichthys mirabilis. Specifically, we examined the effect of season on the thermal activation of HSF1 in the liver to determine whether acclimatization to changing environmental conditions affected this key step in hsp gene induc- Figure 3 . Seasonal variation in the concentrations of (A) heat shock factor 1 (HSF1) and (B) Hsp70 in the livers of Gillichthys mirabilis from Estero Morua. Livers were removed in the field and frozen on dry ice. Thawed samples were homogenized, and proteins were fractionated on 7.5% SDS-polyacrylamide gels and then transferred to nitrocellulose membranes for Western blotting (see "Material and Methods" section for information on antibodies). Values were standardized against a single sample run on each blot; all samples were run in duplicate. Means ( ) and SEM are shown. Values with n p 5 different letters differ significantly from one another. .61 ‫ע‬ .04 tion as laboratory acclimation has done in a previous study . For our purposes, we define HSF1 activity as the extent to which the cellular pool of HSF1 has acquired the ability to bind the HSE. Although this is not a direct measure of hsp gene transactivation, it describes a necessary step in the regulatory pathway leading to transactivation and represents a potential source of thermal sensitivity in the heat shock response. In addition, the relationship between the Hsp70 : HSF1 ratio and the thermal activation profiles of HSF1 were examined because Hsp70 is an established negative regulator of HSF1 activity (Morimoto 1998) . Finally, we measured the kinetics of both HSF1 activation and Hsp70 mRNA synthesis because these processes occurred simultaneously in liver tissue during exposure to a range of ecologically relevant temperatures. The primary findings of our study are as follows: (1) the heat-induced activation of HSF1 in field-acclimatized individuals did not vary as a function of season; (2) concentrations of Hsp70 and HSF1 varied as a function of season; and (3) at higher heat shock temperatures, HSF1 is activated more quickly and Hsp70 mRNA synthesis is more rapid and sustained than at lower heat shock temperatures. Hsp gene induction temperature in G. mirabilis can shift by as much as 4Њ-6ЊC during acclimatization or laboratory acclimation (Dietz and Somero 1992; Dietz 1994; Buckley and Hofmann 2002 ). The temperature range over which HSF1 is activated was found to be similarly dependent on acclimation temperature, suggesting that transcriptional modification may play a role in the mechanism that confers plasticity to Hsp production temperature . In this experiment, however, no overall effect of season on HSF1 activation temperature was observed in the liver tissue of mudsuckers collected at five different times of the year (Fig. 2) ; HSF1 activation either did not vary in response to heat shock (February, June, and August) or showed only minor changes in HSF1 activity at similar temperatures (April, October). Although the increase in mean HSF1 activity in response to heat shock during October most closely resembles a "typical" HSF1 thermal-activation profile, the variability at higher temperatures rendered this increase nonsignificant ( ). P p 0.09 Why the HSF1 activation profiles in the seasonal field sampling were generally unresponsive to laboratory heat shock is unclear. These findings are particularly surprising considering that in February, April, and October, the laboratory exposure temperatures were above the average maximum daily temperature during the month preceding each collection and were expected to be high enough to cause an increase in HSF1 activity. Furthermore, earlier work has demonstrated that HSF1 activation temperature in the liver of this species is susceptible to thermal acclimation . Among the possible explanations for the results of the current study is the existence of one or more additional stressors, such as oxidative or toxic stress caused by freshwater runoff from winter rain, affecting these fish in the field that may have confounded Figure 4 . Northern blot of Hsp70 mRNA from Gillichthys mirabilis liver, exposed to five different temperatures. Two mg of total RNA was denatured with glyoxal and dimethyl sulfoxide and separated on 1% agarose gel. Hsp70 probe (generously provided by B. Tufts) was labeled with 32 P-CTP to an activity of 10 9 cpm. Blot was prehybridized for 3 h at 65ЊC in Church's buffer (see "Material and Methods" section for contents) and hybridized at the same temperature for 18 h. Blots were washed and exposed to a phosphoimaging screen overnight. Heat shock temperatures are shown above each lane. the effects of laboratory thermal stress. This idea is further supported by the seasonal variability in the concentration of Hsp70 in the livers of these fish. Also, it is possible that heat shock temperatures higher than 36ЊC may have been necessary to increase HSF1 activity in these summer-acclimatized fish. In another laboratory study, Hsp70 was induced in the livers of G. mirabilis acclimated to 30ЊC in response to exposure to 38ЊC (Dietz 1994) .
One goal of this study was to interpret any seasonal pattern in HSF1 thermal activation, or lack thereof, within the context of the cellular thermometer model. According to this model, there exists dynamic tension between the ability of Hsp70 to repress HSF1 activation and its function as a molecular chaperone for partially denatured polypeptides. This regulatory pathway in poikilotherms may be influenced by the fact that there can be a marked seasonality in the endogenous concentrations of Hsp present in a tissue, as well as in the threshold temperature for Hsp induction (reviewed in Feder and Hofmann 1999) . Generally, in warmer months, the cellular levels of Hsp and the temperature at which they become inducible are both higher than in colder months (Dietz and Somero 1992; Fader et al. 1994; Hofmann and Somero 1995; Roberts et al. 1997; Buckley et al. 2001) . The cellular thermometer model, therefore, predicts that when Hsp70 levels are relatively high, HSF1 will be held inactive until a higher temperature is experienced-the temperature at which the Hsp70 concentration is not sufficient to both inactivate HSF1 and combat the aggregation of a growing number of damaged proteins.
In G. mirabilis, the concentration of HSF1 in the liver varied minimally with collection date, decreasing by 3% in April, but remaining equivalent on the other collection dates (Fig. 3A) . Hsp70 levels were also dependent on collection date and were highest in February, June, and August (Fig. 3B) . Although the effect of season on the Hsp70 : HSF1 ratio failed significance testing ( ), the trend in the data was strong enough P p 0.053 to suggest that greater sampling sizes may have resulted in a statistically robust pattern. The highest mean Hsp70 : HSF1 ratios were measured in February, June, and August, months in which HSF1 activity did not increase with laboratory heat shock; the lowest ratios were in April and October.
It is important to note that in light of the results of the kinetics experiment described subsequently, increases in HSF1 activity at the higher heat shock temperatures may have been too transient to be recorded; for the seasonal experiment, a 1-h heat shock duration was chosen because this proved an appropriate exposure time to elicit differences in HSF1 activation in previous acclimation experiments . Whether there is an effect of season on the kinetics of HSF1 activation in this species is unknown.
In addition to examining seasonal patterns in HSF1 activity in the field, we explored the effect of exposure temperature on the rapidity of HSF1 activation and Hsp70 mRNA synthesis. After an initiation of heat stress, Hsp accumulate over hours, and their residence time in the cell may be on the order of days (Lindquist 1986) . Increases in Hsp mRNA, however, can occur within minutes after a stressful temperature is experienced (Kline and Morimoto 1997; Lerman and Feder 2001; Zatsepina et al. 2001) . The rapid synthesis of mRNA must be preceded by an equally rapid HSF1 activation event, but the timing of these two stages of hsp gene expression has only rarely been measured in the same tissue simultaneously.
Here, the kinetics of HSF1 activation and Hsp mRNA synthesis were measured in June-acclimatized fish. In June, temperatures in the estuary are routinely near 30ЊC and typically fluctuate by 5.2ЊC daily and sometimes by as much as 10ЊC. The thermal heterogeneity of this environment makes it likely that during the course of a day, these fish may encounter temperatures high enough to induce the heat shock response. Significant effects of heat shock temperature on HSF1 activity and of both heat shock temperature and duration on Hsp70 mRNA production were observed. At 15ЊC, neither HSF1 activity nor Hsp70 mRNA levels varied during the course of the experiment (Fig. 5A) . This is the expected pattern for an unstressed fish. At 20ЊC, HSF1 activity increased after 90 min, and Hsp70 mRNA levels were elevated at 45 and 90 min (Fig. 5B) . At 25ЊC (Fig. 5C) , the increase in HSF1 activity was gradual and continuous during the course of the experiment; however, there was no measurable increase in Hsp70 mRNA synthesis. In contrast, at 30ЊC (Fig. 5D) , a rapid rise (after 5 min) in HSF1 activity was followed by a period of attenuation. The rise in HSF1 activity was followed by a pulse of Hsp70 mRNA synthesis that also eventually attenuated. At 35ЊC (Fig. 5E ), a temperature several degrees above the highest temperature recently experienced by these fish in the field, HSF1 activity increased for 15 min, accompanied by increased Hsp70 mRNA production that was both greater and more sustained than that at 30ЊC. Taken together, these findings indicate that higher heat exposures can elicit more rapid molecular responses than lower, but perhaps still stressful, temperatures.
The kinetics of HSF1 activation and Hsp70 mRNA synthesis observed in G. mirabilis are consistent with other studies in which the timing of these processes was measured. In general, both HSF1 activation and the induction of Hsp mRNA production can occur in minutes after initiation of heat shock (Mosser et al. 1988; Kline and Morimoto 1997; Zatsepina et al. 2001) . Indeed, the tight correlation between the kinetics of HSF1 activation and Hsp mRNA synthesis was an important, early indication of the transcriptional control of hsp gene induction in human cells (Mosser et al. 1988 ) and those of other species (e.g., rainbow trout; Airaksinen et al. 1998) . Our results show that in G. mirabilis, the relationship between these two processes is temperature dependent. Whether this is a common trait among poikilotherms remains to be determined.
At the highest exposure temperatures in this study (30Њ and 35ЊC), HSF1 activation attenuated before Hsp70 mRNA levels. In a study on HeLa cells, the opposite pattern was found, with Hsp mRNA synthesis decreasing before HSF1 DNA-binding activity (Kline and Morimoto 1997) . However, run-on analysis in human cells demonstrated that although the transcription rate of hsp genes tapers off, concentrations of Hsp70 mRNA in the tissue can remain elevated for hours after a heat shock (Mosser et al. 1988 ). This was confirmed in rainbow trout hepatocytes, in which tightly correlated HSF1 DNA-binding activity and Hsp70 mRNA levels persisted through 2 h of poststress recovery (Airaksinen et al. 1998) . Consistent with this study, it appears that accumulation of Hsp70 mRNA can continue for several hours following the rapid, initial transcription of the gene.
It is important to note that the modulation of HSF1 activity is only one of many cis-acting regulatory mechanisms over hsp gene expression. First, promoter architecture may contribute to differential hsp induction because the number of HSEs within (Dudler and Travers 1984; Amin et al. 1985; Nover 1987) , and cooperation between multiple HSF1 trimers may influence promoter strength (Bonner et al. 1994; Kroeger and Morimoto 1994; Mason and Lis 1997; Santoro et al. 1998) . The insertion of transposable elements in the promoters of an African strain of Drosophila has been linked to its decreased Hsp70 expression (Zatsepina et al. 2001) . Second, differences in the environmental sensitivity of the signaling cascades responsible for phosphorylation of HSF1 may be reflected in differences in hsp induction. Finally, other effector molecules have been shown to alter the transactivational capacity of HSF1 (Satyal et al. 1998) .
In addition to these extra-molecular levels of control over HSF1 activity, HSF1 itself can directly sense certain stressors, most notably temperature and oxidative stress (Zimarino et al. 1990; Larson et al. 1995; Zhong et al. 1998; Ahn and Thiele 2003) . In purified preparations of the single HSF present in Drosophila, heat shock and exposure to reactive species of oxygen led to reversible trimerization and acquisition of HSEbinding ability (Zhong et al. 1998 ). This may be linked to the drop in cellular pH that attends both temperature and oxidative stress, a hypothesis supported by the fact that decreasing pH to the lower extreme of normal physiological range (6.5-7.5) also caused reversible trimerization of Drosophila HSF (Zhong et al. 1999 ). The intramolecular mechanism by which HSF1 senses these stressors may be related to the unmasking of the hydrophobic heptad domain on the HSF1 monomer that, when allowed to interact with these same domains on two additional monomers, forms a coiled coil structure, creating the HSF1 homotrimer (Zhong et al. 1998) . This trimerization domain is negatively regulated by another region near the C-terminus of HSF1 (Rabindran et al. 1993) . The direct physicochemical effects of temperature and oxidative stress might cause a conformational change in HSF1, releasing the negative control of the trimerization domain. In mammalian cells, this conformational change appears to be dependent on the redox state of HSF1 and on the formation of disulfide bonds between two cysteine residues in response to temperature and oxidative stress (Ahn and Thiele 2003) . Interestingly, one of these cysteine residues is not present in Drosophila (Ahn and Thiele 2003) , suggesting that, in this species, a similar but not identical mechanism results in the direct sensing of heat and reactive oxygen radicals. Therefore, variability in the intramolecular stresssensitivity of HSF1 in different tissues or organisms, as well as differences in the levels of natural cellular reductants, would be expected to affect the thresholds and kinetics of HSF1 activation.
In summary, this study demonstrates that the intensity of an hsp induction event is a composite of both the magnitude (degrees above a nonstressful level) and the duration of an exposure to heat stress. The ability to adjust the timing of HSF1 activation and, consequently, the initiation of hsp gene expression according to the intensity of a stress exposure, would be important for poikilotherms in fluctuating or unpredictable thermal environments. Furthermore, the contribution of seasonal variation in Hsp70 and HSF1 levels on the temperature sensitivity of HSF1 activation may play a part in the plasticity in hsp gene induction temperature commonly observed in these organisms.
